Spin transfer torques in magnetic tunnel junctions by Manchon, Aurélien et al.
Spin transfer torques in magnetic tunnel junctions
Aure´lien Manchon, Natalya Ryzhanova, Mairbek Chschiev, A. Vedyayev,
K.-J. Lee, Bernard Dieny
To cite this version:
Aure´lien Manchon, Natalya Ryzhanova, Mairbek Chschiev, A. Vedyayev, K.-J. Lee, et al.. Spin
transfer torques in magnetic tunnel junctions. 2008. <hal-00258895>
HAL Id: hal-00258895
https://hal.archives-ouvertes.fr/hal-00258895
Submitted on 25 Feb 2008
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
ha
l-0
02
58
89
5,
 v
er
sio
n 
1 
- 2
5 
Fe
b 
20
08
Spin transfer torques in magneti tunnel juntions
A. Manhon
1
, N. Ryzhanova
1;2
, M. Chshiev
3
, A. Vedyayev
1;2
, K.-J. Lee
4
, B. Dieny
1
1
SPINTEC, URA 2512 CEA/CNRS,
CEA/Grenoble, 38054 Grenoble Cedex 9, Frane
2
Department of Physis, M. V. Lomonosov
Mosow State University, 119899 Mosow, Russia
3
MINT Center, University of Alabama,
P.O. Box 870209, Tusaloosa, Alabama, USA
4
Department of Materials Siene and Engineering,
Korea University, Seoul 136-713, Korea

(Dated: 26th February 2008)
Abstrat
This hapter presents a review on spin transfer torque in magneti tunnel juntions. In the rst
part, we propose an overview of experimental and theoretial studies addressing urrent-indued
magnetization exitations in magneti tunnel juntions. The most signiant results are presented
and the main observable harateristis are disussed. A desription of the mehanism of spin
transfer in ferromagnets is nally proposed. In the seond part, a quantum desription of spin
transport in magneti tunnel juntions with amorphous barrier is developed. The role of spin-
dependent reetions as well as eletron inidene and spin-ltering by the barrier are desribed.
We show that these mehanisms give rise to spei properties of spin transfer in tunnel juntions,
very dierent from the ase of metalli spin-valves. In the third part, the theoretial observable
features of spin transfer in magneti tunnel juntions are derived and the validity of these results is
disussed and ompared to reent experiments. To onlude this hapter, we study the mehanism
of spin transfer in half-metalli tunnel juntions, expeted to mimi MgO-based magneti tunnel
juntions.
PACS numbers:
Keywords: Spin Transfer Torque, Magneti tunnel juntions, Tunnelling Magnetoresistane, Current-
indued Magnetization Swithing
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I. INTRODUCTION
The study of the oupling between an eletrial urrent and loalized spins in transi-
tion metals, leading to giant magnetoresistane eets
1,2
, has renewed our knowledge of
fundamental eletronis and opened wide elds of researh in this domain. The idea that a
spin-polarized urrent may in turn at on the loal magnetization of suh a ferromagnet have
been proposed in the late 1970's by Berger
3
, when investigating the interation between a
domain wall and an eletrial urrent.
However, this torque - usually alled spin transfer torque (STT) - exerted by the spin-
polarized urrent on the loal magnetization requires high urrent densities whih an only
be reahed in sub-mironi devies (nano-pillars, point ontats or nano-wires). The de-
velopment of thin lm deposition tehniques, as well as eletroni lithography in the early
1990's led to the fabriation of spin-valve pillars with dimensions as small as 100100 nm
2
.
Spin-valves, rst studied by Dieny et al.
4
in 1991, onsist of two ferromagneti thin lay-
ers (less than 10 nm-thik), separated by a metalli (Cu, Al) or tunnelling (Al
2
O
3
, MgO,
TaOx) spaer. One of the ferromagnet is pinned by an antiferromagneti system so that its
magnetization diretion is only weakly aeted by an external magneti eld.
The theoretial demonstration of spin transfer torque in metalli spin valves (SVs) ten
years ago
5,6
gave a new breath to giant magnetoresistane related studies
7
, promising exit-
ing new appliations in non-volatile memories tehnology
8
and radio-frequeny osillators
9
.
A number of fundamental studies in metalli spin valves revealed the dierent proper-
ties of spin torque and led to a deep understanding of urrent-indued magnetization
dynamis
10,11,12,13,14
. Partiularly, several theoretial studies desribed the struture of the
torque in metalli magneti multilayers and showed the important role of averaging due to
quantum interferenes, spin diusion and spin aumulation
15,16,17
.
Sine the rst experimental evidene of spin-dependent tunnelling
18
, magneti tunnel
juntions (MTJs) have attrated muh attention beause of the possibility to obtain large
tunnelling magnetoresistane (TMR) at room temperature
19
. The possibility to use MTJs
as sensing elements in magnetoresistive heads, as non-volatile memory elements or in re-
programmable logi gates has also stimulated a lot of tehnologial developments aiming
at the optimization of MTJs' transport properties and their implementation in silion-
based iruitry
8,20
. Beause of these appliations, MTJs have been intensively studied and
the role of interfaes
21
, barrier
22
, disorder
23
and impurities
24
have been addressed in many
publiations
25
. The reent ahievement of urrent-indued magneti exitations and reversal
in MTJs
26,27
has renewed the already very important interest of the sienti ommunity in
MTJs.
The reent observation of spin transfer torque in low RA (resistane area produt) MTJs
using amorphous
26,27
or rystalline barriers
20,28
opened new questions about the transport
mehanism in MTJs with non ollinear magnetization orientations. As a matter of fat,
whereas the urrent-perpendiular-to-plane (CPP) transport in SVs is mostly diusive and
4
governed by spin aumulation and relaxation phenomena
16,17
, spin transport in magneti
tunnel juntions is mainly ballisti and governed by the oupling between spin-dependent
interfaial densities of states: all the potential drop ours within the tunnel barrier. The
harateristis of spin transfer torque are thus expeted to be strongly dierent in MTJs
ompared to SVs.
In this hapter, we propose a desription of spin transfer torque in magneti tunnel
juntions, highlighting the dierenes with metalli spin valves. In setion II, an overview
of the experiments on spin transfer torque is given as well as a desription of the origin of
STT in arbitrary ferromagneti systems.
In setion III, the quantum origin of spin transfer torque in MTJs is desribed using
a simple free-eletron approah. The seletion of the inident eletrons due to the tunnel
barrier is depited and the relaxation of the transverse and longitudinal omponents of
the spin density (spin aumulation) is disussed. It is shown that these two eets may
ontribute to a non negligible eld-like term (also alled out-of-plane omponent), ontrary
to SVs where this term is negligible.
In setion IV, we present the angular and bias dependenies of the in-plane and out-
of-plane omponents of spin transfer torque. The important angular asymmetry usually
observed in metalli systems disappears in magneti tunnel juntions due to the redued
inuene of the longitudinal spin aumulation on the transverse spin urrent. Then, in
agreement with dierent theories and very reent experiments, we show that the bias depen-
denies of the two omponents of STT exhibit non linear variations due to the spei non
linear transport through the tunnel barrier. We also disuss the existene of other soures
whih an strongly aet this bias dependene, suh as the existene of interfaial asymme-
try, inomplete absorption of the transverse omponent of spin urrent or, most important,
emission of spin waves due to hot eletrons.
Finally in setion V, we present the inuene of inreasing s-d exhange oupling on spin
torque and espeially disuss the ase of half metalli tunnel juntions, whih might mimi
MgO-based MTJs. In half metalli eletrodes, the spin transfer exponentially deays near
the interfae still giving rise to a non zero torque on the loal magnetization.
II. OVERVIEW OF EXPERIMENTS AND MODELS
The observation of spin transfer torque in magneti tunnel juntions is only very reent
(2004) due to the diulty to obtain high-quality low RA MTJs. As a matter of fat,
as we stressed out in the introdution, observing the magneti inuene of spin transfer
torque requires the injetion of high urrent densities in the MTJs, of the order of 10
7
A/m
2
while onserving a high urrent polarization. Reduing the thikness of the tunnel barrier
generally leads to both the redution of TMR, as well as the appearane of pinholes
29
(metalli ondution hannel within the tunnelling barrier). The disovery of spin-ltering
5
eet through MgO rystalline barrier
30,31
allowed to obtain low resistane magneti tunnel
juntions together with high urrent polarization, thus fullling the requirements for the
observation of STT in MTJs. Diao et al.
32
and Huai et al.
33
have ompared the urrent-
indued magnetization reversal in MgO-based and AlOx-based MTJ and showed that the
eetive polarization p of the interfaial densities of states is signiantly higher in MgO-
MTJ (p 46%) than in AlOx-MTJ (p 22%), due to spin-ltering eets in rystalline
MgO barrier. Even if the existene of suh interfaial polarization is questionable
34,35
, this
estimation illustrates the signiant improvement ahieved with MgO-based MTJs.
A. Current-indued magnetization swithing
1. General properties
As we stated in the introdution, a magneti tunnel juntion is a tunnelling spin valve,
as displayed in Fig. 1, omposed of two ferromagneti eletrodes (CoFe, CoFeB) separated
by a tunnelling barrier. One ferromagneti layer (referene layer) is antiferromagnetially
oupled (usually through a thin Ru layer) to a so-alled "pinned layer". This pinned layer
is magnetially oupled to an antiferromagnet (IrMn, FeMn). This tehnique, known as
syntheti antiferromagnet
36
, strongly stabilizes the referene layer while reduing the dipolar
eld emitted on the free layer. The free layer magnetization may then be oriented by an
external eld, while keeping the magnetization of the referene layer in a xed diretion.
Figure 1: Shematis of a magneti tunnel juntion. The bias voltage is dened positively when
the eletrons ow from the referene layer toward the free layer.
The rst observation of urrent-induedmagnetization swithing in magneti tunnel jun-
tions has been performed by Huai et al.
26
and Fuhs et al.
27
in AlOx-based low RA MTJ
(RA<10
:m
2
), in nano-pillar with ellipti shape (120230 nm
2
in Ref.
26
).
6
The inuene of spin transfer torque in magneti tunnel juntions is observed by mea-
suring resistane loops as a funtion of the external applied eld H and the applied bias
voltage V , as displayed in Fig. 2. In this gure, we measured the resistane of a MgO-based
MTJ, omposed of CoFeB ferromagneti eletrodes. The resistane loop as a funtion of the
external eld H for a xed applied bias voltage is given in Fig. 2(a), while the resistane
loop as a funtion of the bias voltage V for a xed external eld is given in Fig. 2(b).
Figure 2: Resistane of a CoFeB/MgO/CoFeB MTJs versus (a) the external eld (V=10 mV) and
(b) the applied bias voltage (H=45 Oe). () Tunnelling magnetoresistane as a funtion of the bias
voltage (H=45 Oe). TMR= 83:7% and A = 50 100nm
2
.
One observes sharp resistane jumps in Fig. 2(b) for positive and negative bias whih
orrespond to the swithing of the free layer magnetization from antiparallel to parallel and
vie-versa, respetively. In this juntion, the ritial urrent needed to swith the free layer
magnetization is 510
6
A/m
2
. The drop of resistane as a funtion of the bias voltage is
assoiated with a drop of TMR (see Fig. 2()). This drop has been attributed to spin-waves
emissions by hot eletrons
37
as well as to the energy-dependene of the density of states at
the juntion interfaes. Note that this drop does not exist in metalli spin valves sine only
Fermi eletrons signiantly ontribute to the eletrial urrent in metals.
Sine these rst observations, many eorts have been arried out in order to obtain low
ritial urrent magnetization swithing in MTJs. Dieny et al.
38
, Fuhs et al.
39
and Huai
et al.
40
proposed dual type MTJs, in order to redue the ritial swithing urrent. These
strutures are of the type
39
CoFe
1
/AlOx/CoFe
Free
/Cu/CoFe
2
, where CoFe
1
and CoFe
2
are
antiparallel and the Cu/CoFe
2
interfae is used to reet the minority eletrons towards
CoFe
Free
in order to enhane the spin transfer torque in this layer. With this sheme,
ritial urrent were divided by a fator 3.
Another method has been proposed by Inokuhi et al.
41
. By inserting a non magneti
layer made of Zr, Hf, Rh, Ag, Au or V on the top of the free layer, it is possible to redue the
ritial urrent by one order of magnitude and to reah ritial urrent densities of 510
5
7
A.m
 2
.
2. STT versus TMR
An interesting point has been underlined by Fuhs et al.
27
in their pioneering experiment,
when observing urrent-indued magnetization swithing at 77 K. As displayed on Fig. 3,
the magnetization of the free layer ould be swithed from antiparallel (blak line) to parallel
(red line) by applying an external urrent. The most interesting is that the magnetization
swithing ourred at a bias voltage at whih the TMR was roughly zero, as shown by the
arrows on Fig. 3.
Figure 3: Current-indued magnetization swithing in AlOx-based MTJ, measured at 77 K. This
swithing is assoiated with a omplete quenhing of the TMR. From Ref.
27
.
This experiment demonstrates that the TMR derease does not prevent the spin transfer.
As a matter of fat, whereas the polarization of the olleting eletrode dereases when
inreasing the bias voltage (due to energy-dependene of the interfaial density of states as
well as magnon emission), the polarization of the inident eletrons is only weakly aeted.
Consequently, a urrent-indued magnetization swithing may our although the overall
TMR is zero. In fat, Levy and Fert
42
have shown that the ontribution of hot eletrons-
indued spin-wave emission may play an important role in suh systems.
B. Current-indued magnetization exitations
Current-indued magnetization exitations are of great interest for appliations, in par-
tiular ontrolling the noise spetrum of read-head devies or generating hyper-frequenies.
8
However, the generation of magneti exitations by a polarized urrent in MTJs is rather
diult beause of the voltage limitation of the tunnel barrier whih undergo eletrial
breakdown when submitted to bias voltage of typially 1 V.
A rst study of the "spin-diode eet" was published by Tulapurkar et al.
43
, in 2005.
The authors showed that the injetion of a small radio-frequeny a-urrent into a MgO-
based MTJ an generate a d-voltage aross the devie. This d-voltage appears when
the frequeny of the a-urrent is lose to the natural frequeny of FMR exitations. This
resonane an be tuned by an external magneti eld. By this way, Tulapurkar et al. were
the rst to observe a non negligible "eetive eld" term, b
j
, whih was found to be linear
as a funtion of the bias voltage. Reent developments of this tehnique were ahieved by
Kubota et al.
44
. They will be desribed in setion IV.
Another tehnique was proposed by Sankey et al.
45,46
. By studying the inuene of spin
transfer torque on the ferromagneti resonane of the free layer, the authors were able to
determine the bias dependene of the spin transfer torque. These results will be desribed
in setion IV.
Figure 4: Thermally ativated FMR spetra of AlOx-based MTJ, as a funtion of the injeted
urrent in parallel and antiparallel state. From Ref.
49
.
The inuene of spin torque on thermally ativated ferromagneti resonane was also
studied
47,48
. Petit et al.
49
have demonstrated the inuene of spin transfer torque on thermal
noise in MTJs. Fig. 4 displays the thermally ativated FMR spetra of a AlOx-based MTJ
as a funtion of the injeted urrent. In parallel onguration, the amplitude of the FMR
peak inreases as a funtion of positive urrent and dereases when the injeted urrent is
negative (and inversely in antiparallel onguration). One again, the authors demonstrated
the strong inuene of the b
j
term on the magnetization dynamis.
9
C. Origin of spin transfer torque
After this short overview on previous relevant experiments, let us desribe the physial
origin of spin transfer torque. To do so, we will proeed in two steps: rstly, a phenomeno-
logial desription of spin transfer will be presented, using a simple oneptual sheme;
seondly, the expression of spin transfer torque in an arbitrary ferromagnet will derived
from quantum mehanial onsideration, justifying the phenomenologial approah.
1. Phenomenologial desription
The priniple of spin transfer between two ferromagneti layers is skethed on Fig. 5.
Let us onsider an eletrial urrent, spin-polarized along the P diretion (the eletrial
urrent may be polarized by a previous ferromagneti layer for example). This spin-polarized
urrent impinges on a N/F interfae, where N is a normal metal (or a tunnel barrier)
and F is a ferromagneti metal whose magnetization M forms an angle  with P, so that
P:M = os  ( 6= 0). Johnson et al.
50
and Van Son et al.
51
showed that an out-of-equilibrium
magnetization (also alled spin aumulation in diusive systems, or spin density in ballisti
systems) appears at this interfae, due to the dierent spin-sattering rates in the N and
F layers. In our system, sine the impinging urrent is not polarized following M, the
rising out-of-equilibrium magnetization m possesses three omponents. It an then exert
a torque on the loal magnetization M of the form T =  J
sd
=
B
M m. Beause of the
fast angular preession of the eletrons spin around M and due to the relaxation of the spin
aumulation m in the ferromagnet F, the transverse omponent of the spin aumulation
is quikly absorbed lose to the N/F interfae, on a length sale 
J
, usually smaller than 1
nm in metalli spin-valves
15,52
.
Another way to understand spin transfer torque is to onsider that the eletrial urrent
possesses an initial polarization, desribed by the spin urrent J
s
in
. One part of this im-
pinging urrent is reeted by the N/F interfae, giving rise to a reeted (bakward) spin
urrent J
s
ref
. In the adiabati regime (the eletron spin preession is fast ompared to the lo-
al magnetization dynamis), after a length 
J
, itinerant eletrons are aligned along the loal
magnetizationM and the transmitted spin urrent is then J
s
trans
6= J
s
in
. The reeted spin
urrent J
s
ref
being generally small, the net balane of angular moment yields the transverse
omponent of the inident spin urrent: J
s
in
  J
s
trans
  J
s
ref
= J
s
in?
(note that transverse
means transverse to M). Thus, the impinging eletrons lose the transverse omponent of
their magneti moment whih is transmitted to the loalized eletrons, responsible for the
loal magnetizationM. This spin transfer is translated in a torque of the form:T =  rJ
s
.
Stiles et al.
15
have desribed the origin of spin transfer torque at a N/F interfae, where
N is a metal. The authors proposed three mehanisms giving rise to spin transfer in ballisti
systems. First, the spin dependene of the interfaial reetion and transmission oeients
10
Figure 5: Shematis of spin transfer between two magneti layers. The polarized eletrons owing
from left to right are quikly reoriented (on a length 
J
) when arriving in the right layer. The
balane between inward and outward urrents is transfer to the loal magnetization.
indues a disontinuity of the spin urrent so that one part of the transverse omponent of
spin urrent is absorbed at the interfae. This disontinuity gives rise to a torque in the
plane (P,M) whih tends to align P andM. Seondly, the spin preession around the loal
magnetization M, after averaging over the whole Fermi surfae, gives rise to the omplete
absorption of the transverse spin urrent on a length sale of the order of 
J
= 1 nm. Finally,
after reetion by the interfae, the eletron spin forms an angle with both P and M. This
spin rotation yields the appearane of another omponent of the spin torque, perpendiular
to the plane (P, M) and alled out-of-plane torque.
Thus, these three ontributions give rise to a torque exerted by the spin aumulation on
the loal magnetization, written as:
T = a
j
M (MP) + b
j
MP (1)
where a
j
and b
j
are the in-plane and out-of-plane torque amplitudes. Note that in the
rst theories of spin transfer torque by Slonzewski
5,53,54
and Berger
6,55
, the authors only
derived a
j
beause they onsidered that the eletron spin remains in the (P, M) plane, as
orroborated by ab initio alulations
15
. These theories apply to metalli spin valves where,
due to the small length 
J
, spin transfer is assumed to take plae very lose to the interfae
56
.
However, Edwards et al.
57
have derived a sizable out-of-plane torque in metalli spin-valves
using non equilibrium Green's funtions and interestingly, Zhang et al.
58
have demonstrated
that taking into aount the spin preession in the transport model signiantly enhanes the
b
j
term. In magneti tunnel juntions, both a
j
and b
j
term arise from dierent mehanisms
that will be desribed in setion III.
11
Injeting the spin transfer torque T in the Landau-Lifshitz-Gilbert (LLG) equation, one
obtains the modied LLG equation, desribing the magnetization dynamis of the free layer,
submitted to both an external eld and a spin-polarized eletrial urrent:
M
t
=  M (H
e
+ b
j
P) + M 
M
t
  a
j
M (MP) (2)
where  is the gyromagneti ratio,  is the Gilbert damping and H
e
is the eetive eld,
inluding the anisotropy eld, the demagnetizing eld and the external applied eld. From
Eq. 2, the out-of-plane torque ats as an eetive eld while the in-plane torque ats as
an eetive (anti-)damping. As a funtion of its sign, a
j
may exite or damp magneti
exitations in the magnetization M, whereas b
j
only aets the energy surfae of the fer-
romagneti layer. Dierent magneti behavior may be observed: magnetization swithing
from a stable state to another, stabilization of magneti states at low energy minima, or
magneti exitations (oherent and inoherent preessions).
2. Spin transfer in an arbitrary ferromagnet
All along this setion, we onsider the s-d model in whih two populations of eletrons
oexist: itinerant eletrons (sp-type or itinerant d-type eletrons) and loalized eletrons (d-
type mainly). The loalized eletrons give rise to the loal magnetization of the ferromagnet.
We also assume that the d loal moments remain stationary. This model applies to the
eletroni struture of ferromagneti eletrodes whose ompositions lie on the negative slope
side of the Slater-Néel-Pauling urve
59
(Ni, Co, NiFe, CoFe).
a. Itinerant eletrons dynamis The motion of itinerant eletrons in the ferromagneti
materials are represented by the non-relativisti single eletron Hamiltonian inluding s  d
oupling:
H =
p
2
2m
+ U(r)  J
sd
(:S
d
) (3)
where the rst and seond terms are the kineti and potential energies, while the third term
is the s  d exhange energy, S
d
being the unit vetor of the loal magnetization due to the
loalized eletrons and J
sd
the s-d exhange onstant. Let us dene the loal spin density
m(r; t) and the loal spin urrent density of itinerant eletrons J
s
as
m(r; t) = 	

(r; t)
~
2
	(r; t) (4)
J
s
=  
~
2
2m
Imf	

(r; t)r
r
	(r; t)g (5)
and the temporal derivative of the spin density is:
d
dt
m(r; t) =
~
2
f
d
dt
	

	+	


d
dt
	g (6)
12
where 	 =
 
	
"
;	
#

is an arbitrary 2-dimension Hartree-Fok wave funtion. The two
dimensions refer to up (") and down (#) spin projetion of the Hartree-Fok wave funtion.
From the time-dependent Shrodinger equation i~d	=dt = H	, we obtain the spin den-
sity ontinuity equation:
dm
dt
=  rJ
s
+
2J
sd
~
S
d
m (7)
To orretly desribe the ferromagneti system under onsideration, one should add the
interations between eletrons and lattie, for example. In diusive regime, one an introdue
a spin relaxation term whih depends on the spin density
60
 (m) =
m

sf
:
dm
dt
=  rJ
s
+
2J
sd
~
S
d
m 
m

sf
(8)
Eqs. 7 and 8 are of great importane to understand the role of spin transport in STT.
One an see that the temporal variation of the spin density (or spin aumulation) arises
from the ontribution of three soures: the spatial variation of spin urrent density, the
torque exerted by the bakground magnetization and a sattering soure whih ats as a
spin sink.
b. Loalized eletrons dynamis The Hamiltonian of a single loalized spin submitted
to a time dependent external eld and to an external urrent ow is:
H =  
g
B
~
S
d
:B  
2J
sd
~
S
d
:m =  
g
B
~
S
d
:B
eff
(9)
where g is the Lande fator, 
B
is the Bohr magnetron, S
d
is the loalized spin, B is the
external magneti eld, m is the out-of-equilibrium spin density of the itinerant eletrons
and B
eff
is the eetive eld due to the ombination between the external eld and the
itinerant eletron spin density. Applying Ehrenfest theorem
61
leads to
d < S >
dt
=  
g
B
~
< S > B
eff
(10)
where <> denotes averaging over all the loalized states, < S >= S
d
. We an rewrite this
equation as:
dS
d
dt
=  
g
B
~
S
d
B  
2J
sd
~
S
d
m (11)
The rst term inludes all the interations with magneti elds, like external eld, magne-
torystalline anisotropy. The seond term arises from the presene of itinerant eletrons.
In order to take into aount the damping of the loalized spin, one has to onsider a
more omplete Hamiltonian that inludes many body interations whih leads to the usual
Landau-Lifshitz-Gilbert equation:
dS
d
dt
=  
g
B
~
S
d
B  
2J
sd
~
S
d
m+ S
d

dS
d
dt
(12)
where  is the phenomenologial Gilbert damping oeient.
13
. Modied LLG dynami equation Averaging Eq. 12 over all the eletrons of the
struture and setting g = 2, and  = 2
B
=~, we obtain the modied LLG equation:
dM
dt
=  MH
eff
  
J
sd

B
M m+ M 
dM
dt
(13)
HereM is the loal magnetization,m is the out-of-equilibrium spin aumulation or spin
density of itinerant eletrons, and
H
eff
=
H
K
M
x
M
s
e
x
+
2A
ex
M
2
s
r
2
m  4M
z
e
z
+H
ext
e
x
(14)
where H
K
is the anisotropy eld, A
ex
is the exhange onstant, and 4M
z
is the demagneti-
zation eld. The term proportional to J
sd
is a torque exerted by the spin aumulationm on
the loal magnetization M, similar to the one given in Eq. 8. It is interesting to note that
only the transverse spin aumulationm has an inuene on the bakground magnetization
state in the form of a torque T along two axes:
T =  
J
sd

B
Mm =  
J
sd

B
[m
x
M P  m
y
M (M P )℄ (15)
where P is the unit vetor parallel to the magnetization of the pinned layer andM is the unit
vetor parallel to the magnetization of the free layer. The rst term in the right-hand-side
of Eq. 15 is alled the eld-like term (or out-of-plane torque, or urrent-indued interlayer
exhange oupling) and the seond term is the usual Slonzewski term (or in-plane torque).
The time sale of itinerant spins dynamis is two orders of magnitude shorter than the
time sale of the bakground magnetization dynamis. So one an onsider, in a rst ap-
proximation, that the itinerant spins an be desribed by the steady state equation (see Eqs.
7 and 8):
 rJ
s
(r; t) =
2J
sd
~
mM (ballisti system) (16)
 rJ
s
(r; t) =
2J
sd
~
mM+
m
l
sf
(diusive system) (17)
Eqs. 16-17 imply that the spatial transfer of spin density per unit of time from the itinerant s-
eletrons to the loalized d-eletrons (left-hand side terms) is equivalent to a torque exerted
by the transverse spin aumulation on the loal magnetization (right-hand side terms),
modulated by the relaxation of the spin aumulation in diusive regime.
D. Theories of spin transfer in magneti tunnel juntions
Slonzewski rst proposed a free eletron model of spin transport in a MTJ with an
amorphous barrier
53
, deriving TMR, in-plane spin transfer torque and zero bias interlayer
14
exhange oupling (IEC). This rst model only onsidered eletrons at Fermi energy, ne-
gleting all non-linear tunnel behaviors (onsequently, the out-of-plane torque was found to
be zero). In a two band model, the torque was written as:
T =
e
3
(
4
  k
2
"
k
2
#
)(k
2
"
  k
2
#
)
2
2
d(
2
+ k
2
"
)
2
(
2
+ k
2
#
)
2
e
 2d
VM  (M P ) (18)
where  is the barrier wave vetor, k
";#
are the Fermi wave vetors for majority and minority
spins, d is the barrier thikness and V , the bias voltage aross the juntion. Note that this
model is restrited to retangular barrier, so very low bias voltage. More reently, ombining
Bardeen Transfer Matrix formalism (BTM) and his previous results on the relation between
torques and spin urrents
54
, the author proposed a more general formula for in-plane torque
in magneti tunnel juntions
35,62
:
T =
~
4
[ 
++
+  
+ 
   
  
   
 +
℄m (m P ) (19)
 

0
=
2eV
~
X
p;q

2
p;;q;
0
(20)

p;;q;
0
=
 ~
2
2m
Z
dydz( 
p;

x

q;
0
  
q;
0

x
 
p;
) (21)
where  and  are the orbital wave funtions for right and left interfae. This relation stands
for eletrons whose energy is lose to the Fermi energy. The author underlined interestingly
that Eq. 19 may be simplied if the integrals  

0
an be separated in the form:
 

0
/ D
L;
D
R;
0
(22)
where D
L(R);
is the density of states at the left (right) interfae, for spin projetion . In
this ase, it is straightforward to see that the torque exerted on the right layer is redued
to:
T
R
=
~
4
P
L
M (M P ) (23)
where P
L
is the interfaial polarization of the density of states, as dened by Julliere
18
.
This leads to a bias asymmetry of the spin transfer torque, sine the polarization P
L
is bias
dependent for only one diretion of the applied voltage. The ondition of this separability
has been disussed by Slonzewski
35
, Belashenko et al.
63
and Mathon et al.
64
. These authors
have suggested that the phase deoherenes, indued by disorder in realisti juntions, ould
redue the polarization fators to a produt between the interfaial densities of states. It
seems that this assumption is valid in magneti tunnel juntions with not so thin barriers,
espeially in amorphous AlOx-based MTJs.
Theodonis et al.
65,66
reently presented a tight-binding model (TB) of MTJs, taking into
aount more realisti band strutures than the usual free eletron model. These studies
showed that the in-plane torque should present an important bias asymmetry while the
15
out-of-plane torque should be of the same order of magnitude with a quadrati dependene
on the bias voltage. This is in agreement with reent studies of Wilzynski et al.
67
and
Manhon et al.
68
, based on free eletron model, as disussed in this hapter.
The role of magnons have been addressed by Levy et al.
42
and by Li et al.
69
. It was
shown that magnons emission may strongly inuene the bias dependene of spin transfer
torque ontributing to modify the absorption length 
J
. This mehanism will be disussed
in setion IV.
Finally, note that all these theories assume amorphous barriers and a plane wave de-
sription of the transport, although most of the experiments are arried out on rystalline
MgO-based MTJs. A reent publiation from Heiliger et al.
70
addresses the harateristis
of spin transfer torque in Fe/MgO/Fe rystalline juntions. The dominant ontribution of

1
symmetry strongly inuenes spin torque feature.
III. QUANTUM ORIGIN OF SPIN TORQUE IN MAGNETIC TUNNEL JUNC-
TIONS
We will now desribe the spin transport in magneti tunnel juntions. Although most of
the experiments are nowadays performed in rystalline MgO-based MTJ, one an get a rst
insight of TMR and spin torque by simply onsidering a free eletron model of magneti
tunnel juntions.
We rst introdue the free-eletron model, and then depit the spin transport in a MTJ
with non-ollinear magnetization diretions. Afterward, we will desribe the role of the
barrier on the spin transfer torque. Finally, the origin of the torques and oupling between
the two ferromagneti layers will be explained.
A. Free eletron model
The basis of our alulation is depited in the top panel of Fig. 6. The out-of-equilibrium
magneti tunnel juntion is modeled by a "ondutor" (in the sense that the tunnel barrier is
not innite) linking two magneti reservoirs (F
L
and F
R
) with non ollinear magnetizations
and with dierent hemial potentials 
L
and 
R
72
(
L
> 
R
). A bias voltage V = (
L
 

R
)=e is applied aross this "ondutor". One has to onsider all eletrons with majority
spins (solid arrows) and minority spins (dotted arrows), originated from left (rightward
arrows) and right eletrodes (leftward arrows). In low bias limit (
L
 
R
), the harge
transport an be approximately determined by the eletrons originated only from the left
eletrode with an energy between E
F
and E
F
  eV .
In our ase (middle panel of Fig. 6), the magneti tunnel juntion is omposed of two
ferromagneti layers, F
L
and F
R
(made of the same material, for simpliity), respetively
onneted to the left and right reservoirs and separated by an amorphous tunnel barrier.
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Figure 6: Shematis of the magneti tunnel juntion with non ollinear magnetization orientations.
Top panel: spin-dependent out-of-equilibrium transport in a ondutor linking two reservoirs F
L
and
F
R
(whose eletrohemial potentials are respetively 
L
and 
R
) with non ollinear magnetization
orientations. The solid arrows represent the majority spins and the dotted arrows represent the
minority spins. Middle panel: MTJ with non ollinear magnetization orientations. Bottom panel:
Corresponding energy prole of the MTJ. In free-eletron approximation, the loal density of states
are paraboli for majority (solid line) and minority (dotted line) eletrons with a splitting between
the two spin sub-bands equals to the exhange interation J
sd
.
The x-axis is perpendiular to the plane of the layers and the magnetization of F
L
is oriented
following z: M
L
= M
L
z. The magnetizationM
R
of F
R
is in the (x,z) plane and tilted from
M
L
by an angle . In this onguration, the spin density in the ferromagneti layer possesses
three omponents : m = (m
x
;m
y
;m
z
). In F
L
(we obtain the same results onsidering F
R
),
the transverse omponents are m
x
=< 
x
> and m
y
=< 
y
>, where 
i
are the Pauli spin
matries and <> denotes averaging over orbital states and spin states, i.e. averaging over
eletrons energy E, transverse momentum  and spin states. The transverse spin density in
the left layer is then given by < 
+
>=< 
x
+ i
y
> :
m
x
+ im
y
=< 
+
>= 2 < 	
"
	
#
> (24)
In other words, the in-plane torque is given by the imaginary part of < 
+
>, while the
out-of-plane torque is given by its real part. One an understand the produt < 	
"
	
#
> as
a orrelation funtion between the two projetions of the spin of the impinging eletrons. In
ballisti regime, the spin of an eletron impinging on a ferromagnet with a spin polarization
tilted from the bakground magnetization preesses around this magnetization
15,66
. Loally,
its two projetions " and # following the quantization axis (dened by the bakground mag-
17
netization) are then non-zero. As a result, the eletron ontributes loally to the transverse
spin density m
x
and m
y
. If the eletron spin is fully polarized parallel or antiparallel to this
magnetization, no preession ours and its ontribution to the transverse spin density is
zero.
We remind that we dened majority (minority) states as the spin projetion parallel
(antiparallel) to the magnetization of the left eletrode. Therefore, < 	
"
	
#
> is the
fration of eletrons whose spin is following x (real part) and y (imaginary part) in spin
spae.
In Keldysh out-of-equilibrium formalism
72,73
, the ondutivity is alulated onsidering
the ontribution of the eletrons originating from the left reservoir and from the right reser-
voir (top panel of Fig. 6). The out-of-equilibrium Green funtion G(r; t; r
0
; t
0
) (or Keldysh
Green funtion) is dened as a superposition of these two ontributions:
G (r; t; r
0
; t
0
) = f
L
	
L
(r; t)	

L
(r
0
; t
0
) + f
R
	
R
(r; t)	

R
(r
0
; t
0
) (25)
where 	
L(R)
(r; t) are the eletron wave funtions originating from the left (right) reservoir
at the loation r and time t and f
L(R)
are the Fermi distribution funtions in the left and
right reservoirs.
Thus, the Shrodinger equation of the magneti tunnel juntion is:
H	 =

p
2
2m
+ U   J
sd
(:S
d
)

 
	
"
	
#
!
= E
 
	
"
	
#
!
(26)
where  the vetor in Pauli matries spae :  = (
x
; 
y
; 
z
)
T
, E is the eletron energy, U
is the spin-independent potential along the juntion:
J
sd
(:S
d
) = J
sd

z
and U = E
F
for x < x
1
J
sd
(:S
d
) = 0 and U(x) = U
0
 
x  x
1
x
2
  x
1
eV for x
1
< x < x
2
J
sd
(:S
d
) = J
sd
(
z
os  + 
x
sin ) and U = E
F
  eV for x > x
2
We onsider that the potential drop ours essentially within the barrier and we assume
the bias voltage is low ompared to the barrier height (V << U=e). This allows to use
WKB approximation to determine the wave funtions inside the barrier. Furthermore, the
free eletron approximation implies paraboli dispersion laws whih also restrits our study
to low bias voltage.
In the 2-dimensional Hartree-Fok representation, spin-dependent urrent and spin den-
sity are dened using the out-of-equilibrium lesser Keldysh Green funtion:
G
 +

0
(r; r
0
) =
Z
d

f
L
h
	

0
(")
L
(r
0
)	
(")
L
(r) + 	

0
(#)
L
(r
0
)	
(#)
L
(r)
i
+f
R
h
	

0
(")
R
(r
0
) 	
(")
R
(r) + 	

0
(#)
R
(r
0
) 	
(#)
R
(r)
i
(27)
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where f
L
= f
0
(), f
R
= f
0
( + eV ), and f
0
() is the Fermi distribution at 0 K. In-plane
(a
j
M  (M  P )) and out-of-plane torques (b
j
M  P ) an now be determined from Eq.
24, whereas spin-dependent eletrial urrent densities are alulated from the usual loal
denition:
b
j
+ ia
j
=
J
sd

B
< 
+
>= 2
J
sd

B
a
3
0
(2)
2
Z Z
G
 +
"#
(x; x; )dd (28)
m
z
=
J
sd

B
a
3
0
(2)
2
Z Z

G
 +
""
(x; x; ) G
 +
##
(x; x; )

dd (29)
J
"(#)
=
~e
4m
e
Z Z


x
 

x
0

G
 +
""(##)
(x; x
0
; )j
x=x
0
dd (30)
J = J
"
+ J
#
(31)
G
 +
""
(x; x; ) and G
 +
##
(x; x; ) are the energy-resolved loal density-of-states (LDOS) for up-
and down-spins respetively, whereas
R
G
 +
""
(x; x; )d and
R
G
 +
##
(x; x; )d give the density
of up- and down-eletrons at loation x along the struture.
To illustrate the above alulation, we use material parameters adapted to the ase of
Co/Al
2
O
3
/Co struture: the Fermi wave vetors for majority and minority spins are respe-
tively k
"
F
= 1:1 Å
 1
, k
#
F
= 0:6 Å
 1
, the barrier height is U   E
F
= 1:6 eV, the eetive
eletron mass within the insulator is m
eff
=0.4
74
and the barrier thikness is d=0.6 nm.
These parameters have been hoosen to t the experimental I-V harateristis of the mag-
neti tunnel juntions studied in Ref.
49
. In all this setion, the magnetizations form an angle
of =90
Æ
. We will justify this hoie in the following.
B. Spin transport in a MTJ
Although spin-dependent tunnelling is a well known proess, the desription we give here
is of great importane to understand the spei harateristis of spin transfer torques in
tunnelling transport. In this part, we will onsider the linear approximation in whih the bias
voltage V
b
is low enough so that the urrent is due to Fermi eletrons injeted from the left
eletrode. When the eletrodes magnetizations are non ollinear, the eletrons are no more
desribed as pure spin states, but as a mixing between majority and minority states. For
example, let us onsider one eletron from the left reservoir, initially in majority spin state,
impinging on the right eletrode (see Fig. 7 - step 1). The rst reetion (step 2) at the F
L
=I
interfae do not introdue any mixing sine the insulator is non magneti. However, when
(the transmitted part of) this eletron is reeted or transmitted by the seond interfae I=F
R
(step 3), the resulting state in the right eletrode is a mixing between majority and minority
states sine the quantization axis in the right eletrode is dierent from the quantization
axis in the left eletrode. Then, the transmitted spin is reoriented and preesses (step 4)
around the magnetization of the right eletrode. Furthermore, the reeted eletron (step
5) is also in a mixed spin state and preesses around the left eletrode magnetization. In
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Figure 7: Shematis of the priniple of spin transport in a magneti trilayer with non ollinear
eletrodes magnetizations. Step 1: the eletron spin is polarized along the magnetization of the
left eletrode. Step 2: After the rst reetion/transmission by F
L
=I interfae the reeted and
transmitted parts remain in a pure spin state. Step 3: The reetion/transmission by the seond
interfae I=F
R
reorients the eletron spin. Step 4 and 5: The transmitted and reeted spins preess
around the loal magnetization.
other words, after transport through the barrier, the eletron spin is reeted/transmitted
with an angle. This reorientation gives rise to spin transfer torque.
Note that there is no reason why the eletron spin should remain in the plane of the
eletrodes magnetization. We will see that after the reorientation, the eletron spin possesses
three omponents in spin spae (and so two transverse omponents).
C. Inidene seletion in an amorphous barrier
1. -seletion due to tunnelling
It is well know that in non magneti tunnel juntions, the transmission of an imping-
ing eletrons dependent on its inident diretion. As a matter of fat, the eetive barrier
thikness involved in the tunnelling proess is larger for grazing inidene than for nor-
mal inidene. The transmission oeient dereases exponentially with the in-plane wave
vetor , so that only eletrons whose wave vetor is lose to the perpendiular inidene
signiantly ontribute to the tunnelling transport.
Furthermore, in magneti tunnel juntions, the transmission oeients also depend on
the spin projetion of the eletrons, as well as on the magneti onguration of the ferromag-
neti eletrodes. This "-seletion" is illustrated in Fig. 8(a). As disussed previously, when
the eletrodes magnetization are non-ollinear, the spin of an impinging eletron, originally
in a pure spin state, is reoriented after reetion so that the reeted state is in a mixed spin
state. In our ase, only the reetion oeients of the onserved spin part are reported in
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Figure 8: (a) Reetivity of initially majority (solid line) and minority (dotted line) eletrons as a
funtion of the in-plane wave vetor; (b) reetion angles  (solid line) and  (dotted line) of an
initially majority as a funtion of . The applied bias voltage is V
b
= 0:1 V and =90
Æ
. Insert:
denition of the reetions angles.
Fig. 8(a).
Note that only a very small part of the injeted polarized wave is ipped during the tun-
nelling proess. However, this does not mean that spin transfer torque is small in MTJs, sine
only oherent mixed states ontribute to the transverse spin density, whih is responsible of
the spin transfer torque.
2. Spin seletion due to ferromagnets
Following the previous disussion about spin reorientation (see Fig. 7), it is possible
to dedue the angles at whih the eletron spin is reeted by the barrier. We dene the
azimuthal angle  and the polar angle  as indiated in the insert of Fig. 8(a).
Fig. 8(b) displays these angles as a funtion of the in-plane wave vetor . The azimuthal
angle  varies between -64
Æ
to +77
Æ
while the polar angle  remains very small (less than 0.2
Æ
,
whih means that the eletron spin stays very lose to the quantization axis, as disussed
above). At  = 0:6 Å
 1
(orresponding to k
#
F
),  = 0 whih indiates that the eetive spin
density lies in the plane of the magnetizations (M
L
;M
R
). Finally, the polar angle does not
vary with the distane, whih means that the reeted eletron spin preesses around O
z
with a small angle . A "bulk" spin transfer results from the interferenes of all the reeted
21
Figure 9: Reetion angles as a funtion of the s-d exhange onstant, for a Fermi eletron initially
in majority spin state. The parameters are the same as in Fig. 8.
eletrons.
The strong dependene of  as a funtion of the in-plane wave vetor , ombined with the
-seletion lose to the normal inidene (see Fig. 8(a)), implies that the eetive spin of the
transmitted eletrons possesses an important out-of-plane omponent. In other words, the
eet of the spin-dependent tunnelling is to strongly enhane the out-of-plane omponent
of the spin torque, ompared to metalli spin valves. As a matter of fat, in metalli spin-
valves, the whole Fermi surfae ontributes to the spin transport so that the eetive angle
 is very small
15
and orrelatively the out-of-plane torque is negligible.
Fig. 9 shows the dependene of the angles as a funtion of the s-d exhange onstant
J
sd
for perpendiular inidene  = 0. Quite intuitively, the preession angle  inreases
with J
sd
whereas the initial azimuthal angle  dereases in absolute value with J
sd
. The
spin-ltering eet (the seletion between majority and minority spin during the reetion
proess) inreases with J
sd
so that the reeted spin diretion gets loser to the plane of the
magnetizations.
D. Spin ltering in rystalline strutures
Besides the two fundamental tunnelling seletion mehanisms disussed above, an ad-
ditional spin ltering mehanism was proposed by Butler et al.
30,31
whih takes advantage
from the eletroni struture of both eletrode and insulator rystalline materials ompris-
ing MTJ. It is based on the fat that only eletrons of ertain wave funtion symmetries
an easily propagate through the barrier. For instane, in Fe(001) only the majority spin
hannel has eletroni states with 
1
symmetry at the Fermi level whih in it turn inludes
22
s-like harater in it. On another hand, the same 
1
band in MgO(001) forms an evanesent
state in the MgO gap with the smallest deay rate
30,31
. As a result, Fe|MgO|Fe(001) tunnel
juntion has a very large ondutane in parallel state due to fairly transparent 
1
majority
hannel at k
jj
= 0. Antiparallel magnetizations onguration, on a ontrary, is low ondu-
tive sine the 
1
symmetry states does not exist in the minority band struture around the
Fermi level
30,31
.
Spin transfer torque is nowadays usually observed in MgO-based rystalline juntions,
whereas only few theoretial work has been done on spin transfer in rystalline strutures.
The rst theoretial studies of Heiliger et al.
70
on MgO-based MTJs indiate a dominate
ontribution of the 
1
symmetry on spin transport whih may aet the observable hara-
teristis of STT, as disussed in setion IV.
E. Torques and oupling
The mehanisms we previously desribed are at the origin of spin-dependent plane waves
in the MTJ. The interferenes between these waves give rise to an out-of-equilibrium mag-
netization m whih ouples the ferromagneti eletrodes.
In the linear regime under onsideration, the three omponents of spin density in the left
eletrode an be desribed as follows:
m
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xL
+ im
"
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where A(V ), B
";#
(V ) and r
";#
1
are oeients depending on the juntion parameters and on
the bias voltage
17
and k
1;2
are the wave vetors of majority and minority spin, respetively.
Considering m
"(#)
+L
in Eqs. 32-35, two omponents an be distinguished : the rst one
is proportional to e
i(k
1
+k
2
)(x x
1
)
, and due to the interferene between the inident wave
with majority (resp. minority) spin and the reeted wave with minority (resp. majority)
spin; the seond one is proportional to e
 i(k
1
 k
2
)(x x
1
)
and due to the interferene between
the reeted waves with majority and minority spins. We note that the rst omponents
of m
"
+L
and m
#
+L
are omplex onjugated so that their sum is real. Then, the interferene
between the inident wave with majority spin and the reeted wave with minority spin
does not ontribute to in-plane torque but only to out-of-plane torque. In-plane torque is
then generated by the oherent interferenes between reeted eletrons with opposite spin
projetion (/ e
 i(k
1
 k
2
)(x x
1
)
).
23
Figure 10: Projetions of spin density due to Fermi eletrons in perpendiular inidene from the
left eletrode, as a funtion of the distane from the interfae. Top panel: m
x
omponent of spin
density (solid line); the dashed lines are the envelopes of the urve. Middle panel: m
y
omponent
of spin density. Bottom panel: m
z
omponent of spin density due to initially majority (solid line)
and minority (dotted line) spin projetion; the dashed lines are the mean values of the osillations.
The applied bias voltage is V
b
= 0:1 V. The vertial line on the right is the interfae between the
left eletrode and the tunnel barrier.
Conerning m
zL
, it is omposed of one omponent proportional to e
2ik
1
(x x
1
)
, one om-
ponent proportional to e
2ik
2
(x x
1
)
and one onstant as a funtion of x. The two formers are
due to the interferene between waves having the same spin projetion but with opposite
propagation diretion while the latter is due to interferene between waves having the same
spin projetion and the same propagation diretion.
Fig. 10 displays the details of the spin density omponents m
x
, m
y
et m
z
(desribed in
Eq. 32) in the left eletrode as a funtion of x, when V
b
= 0:1 V. m
x
possesses a quite
omplex behavior with two periods of osillation (the dashed lines show the envelope of the
urve), whereas m
y
is redued to a single osillation (The osillation period k
1
+ k
2
vanishes
when summing the ontribution of majority and minority spins); m
z
osillates around mean
values represented by horizontal dashed lines.
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Note that the onservative part of the out-of-plane torque (interlayer exhange oupling
at zero bias
75,76
) is only proportional to e
 i(k
1
+k
2
)(x x
1
)
. But at non zero bias, the dissipative
part of the out-of-plane torque is proportional to both e
 i(k
1
+k
2
)(x x
1
)
and e
 i(k
1
 k
2
)(x x
1
)
.
IV. OBSERVABLE PROPERTIES
Up to now, in order to desribe the quantum origin of spin torque in MTJ, we foused
on Fermi eletrons and low bias voltage. To depit the observable properties of spin transfer
torque in MTJ, we should take into aount all the eletrons from the left and the right
eletrodes so as to inlude non-linear proesses.
A. Angular dependene
Fig. 11(a) shows the normalized in-plane and out-of-plane omponents, a
norm
j
and b
norm
j
,
as a funtion of the angle  between the eletrodes magnetizations, at V
b
= 0 and V
b
= 0:1
V. The normalized torques are dened as:
T
norm
= T =T (90
Æ
) sin 
It learly appears that both omponents are proportional to sin  (the deviation from sin 
is smaller than 10
 4
). This dependene is strongly dierent from what was predited in
metalli spin valves
16,17,54
(see Fig. 11(b)) and has been attributed
35
to the single-eletron
nature of tunnelling.
As a matter of fat, in metalli spin-valves, the spin aumulation, due to spin-dependent
sattering at the interfaes, modies the potential prole seen by the eletrons. This eet
is due to the multi-eletrons nature of diusive transport, sine the transport of one eletron
spin is aeted by the spin aumulation rising from the whole spin polarized urrent. This
spin aumulation strongly inuenes the angular dependene of the stak resistane and
spin transfer torque
17
.
On the ontrary, in magneti tunnel juntions, beause of the important height of the
tunnel barrier ( 0:8   3:3 eV), all the potential drop ours inside the insulator and the
spin aumulation (i.e. the feedbak of the urrent-indued longitudinal spin density on the
spin urrent) is negligible. In this ase, the angular dependene of torque is determined by
the angular dependene of the transmission matrix, as disussed in Ref.
35
and yields a sine
shape. In the following, we will estimate the spin density for  = =2.
Note that, at zero bias, the out-of-plane torque is still non-zero, ontrary to in-plane
torque. The onservative part of the out-of-plane torque (interlayer exhange oupling at
zero bias) omes from the ontribution of eletrons loated under the Fermi level
75,76
. At
zero bias, the urrents from left and right eletrodes are equal, but the eletron propagation
still orresponds to the sheme shown in Fig. 7: the mixing between majority and minority
states indues a transverse omponent in the spin density.
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Figure 11: (a) Angular dependene of normalized in-plane (solid line) and out-of-plane torque
(dotted line) in a magneti tunnel juntion; (b) Angular dependene of normalized in-plane torque
in a metalli spin-valve. From Ref.
17
.
B. Deay length of spin density
As disussed in setion IIC 2, spin transfer torque is estimated from the transverse om-
ponent of the spin density. This spin density (or spin aumulation in diusive systems)
usually deays due to quantum interferenes or spin-dependent sattering, so that spin torque
is generally assumed to be an interfaial phenomenon.
1. Ballisti interferenes
In the present model, no spin-diusion is taken into aount and the Fermi surfae is
assumed spherial. Fig. 12 displays the two omponents of transverse spin density as a
funtion of the loation in the left eletrode. The interferene proess between polarized
eletrons yields a damped osillation of the in-plane omponent m
x
(giving rise to the out-
of-plane torque) as presented in Fig. 12(a). We an distinguish two periods of osillation
T
1
= 2=

k
"
F
  k
#
F

and T
2
= 2=

k
"
F
+ k
#
F

whereas at zero bias, only T
2
appears (see
inset of Fig. 12(a)). This an be easily understood by onsidering eletrons from left and
right eletrodes. The transverse spin density in the left eletrode due to eletrons from the
right eletrode is:
m
"
+R
= C
"
(V ) sin e
 i(k
1
 k
2
)(x x
1
)
(36)
m
#
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#
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(37)
where C
";#
(V ) are oeients depending on the juntion parameters and on the bias
voltage
17
. It is now possible to show that in the general expression of transverse spin density
m
+
= m
x
+ im
y
= m
"
+L
+m
#
+L
+m
"
+R
+m
#
+R
the terms proportional to e
 i(k
1
 k
2
)(x x
1
)
vanish at zero bias due to the anellation of on-
tribution of eletrons from the left and right reservoirs at zero bias voltage (A(0) +A

(0) =
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Figure 12: Total spin density as a funtion of the loation in the left eletrode: (a) In-plane spin
density - inset: In-plane spin density at zero bias voltage; (b) Out-of-plane spin density. These
quantities are alulated at V
b
= 0:1 V.
C
"
(0) + C
#
(0)) so that m
+
redues to terms proportional to e
i(k
1
+k
2
)(x x
1
)68
. Further-
more, these last terms only give a real omponent sine, as disussed above, the majority
and minority omponents of m
y
(giving rise to the in-plane torque) ompensate eah other.
Consequently, at zero bias, only the onservative part of the out-of-plane torque (zero bias
interlayer exhange oupling) exists, due to the interferene between inident and reeted
eletrons with opposite spin projetion
75,76
. But when the bias voltage is non zero, the trans-
port beomes asymmetri and the terms proportional to e
 i(k
1
 k
2
)(x x
1
)
do not ompensate
eah other anymore whih leads to two periods of osillations as shown in Fig. 12(a).
In-plane omponent of spin transfer torque, proportional to m
y
, exits only at non zero
bias and possesses only one period of osillation T
1
(see Fig. 12(b)). It is worthy to note that
the transverse omponents of spin density is damped by 50% within the rst nanometers,
and that the amplitude of the out-of-plane torque is of the same order than the in-plane
torque. This deay length is very large ompared to previous theoretial preditions
15,54
and
experimental investigations on SV
52
. As a matter of fat, the ballisti assumption holds for
distane smaller than the mean free path ( 5 nm in Co). In realisti devies, spin diusion
proesses should inrease the deay of the transverse omponents of spin density.
Finally, Fig. 13 shows the out-of-equilibrium longitudinal spin density n dened as
n
"(#)
= n
"(#)
(V
b
= 0:1) n
"(#)
(V
b
= 0). n osillates and asymptotially reahes a non zero
value. This means that when the bias voltage is turned on, a non equilibrium spin aumu-
lation builds up. However, this eetive spin aumulation is very small (n
"
 n
#
 10
 7
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Figure 13: Out-of-equilibrium longitudinal spin density throughout the magneti tunnel juntion
for majority (solid line) and minority (dotted line) eletron spin projetions. The bias voltage is
V
b
= 0:1 V.
eletron/atom) and annot inuene spin urrent building. Therefore, negleting the role of
longitudinal spin aumulation (spin density) in MTJ is justied.
2. Spin sattering mehanisms
In real magneti tunnel juntions, one should take into aount spin-ip proesses indued
by spin-orbit oupling as well as hot eletrons-indued spin-waves emissions that our within
the diusive ferromagneti eletrodes. Spin-orbit indued spin-ip sattering (Elliott-Yafet
mehanism
78,79
) as well as spin-wave sattering
80
lead to spin-diusion length, l
sf
of 15-30
nm in usual ferromagneti eletrodes
81
. This spin-ip should inrease the spatial deay rate
of the spin density by a fator of e
 l
sf
x
.
Spin-ip sattering by hot-eletrons indued spin wave is a spin-ip mehanism that
speially ours in magneti tunnel juntions
37
. In tunnel juntions, at non zero bias,
spin-polarized eletrons from the left eletrode impinge to the right eletrode with an energy
higher than the loal Fermi energy: they are alled "hot eletrons". These hot eletrons
relax towards the Fermi level by inelasti sattering involving phonon and magnon emission.
Following the Fermi Golden rule, this spin-waves emission inreases with temperature and
energy of the hot eletrons. Li et al.
69
have shown that the spin-diusion length due to this
mehanism is written:
l
sf
/ J
F
E
F
=J
2
sd
V
b
(38)
where J
F
is the ferromagneti exhange onstant and E
F
the Fermi energy. The authors
nd a spin-diusion length of about 0.5-2 nm for reasonable parameters. This demonstrates
the essential role of magnon emissions in magneti tunnel juntions.
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3. Real Fermi surfaes
In order to more aurately desribe spin-dependent transport throughout rystalline
barriers
30,31
(in partiular MgO-based MTJs), the role of defaults in the barrier
71
, or inter-
faial states eets, it is neessary to go beyond the free eletron model and onsider the
real band struture of the stak.
First priniple studies of realisti Co/Cu interfaes
82
(so, metalli spin-valves) showed that
the mismath of the eletroni struture at the interfae for spin down eletrons strongly
redues the transverse omponent of spin density. As a matter of fat, the spin-dependent
transmission at the interfae beomes more omplex. In partiular, the eletron phase
distribution beomes broad and asymmetri
15
. This leads to a rapid interfaial deay of the
transverse spin aumulation in metalli spin-valves. In MTJ, the non spherial nature of
the spin-dependent Fermi surfae
30,63,71
should also dramatially alter the transverse spin
density. This ould explain the fat that the amplitude of spin torque in the free-eletron
model we proposed is two orders of magnitude higher than in experiments.
Heiliger et al.
70
reently studied the spin transfer torque in Fe/MgO/Fe rystalline tunnel
juntion. The authors showed that the interfaial spin density deay is even stronger in this
type of MTJ than in metalli spin-valves. This deay is attributed to the dominant ontri-
bution of 
1
eletrons for whih Fe behaves as a half-metal with respet to this symmetry.
Spin transfer torque arising from the interferenes between majority (propagative states)
and minority (evanesent states) eletrons, is loalized lose to the MgO/Fe interfae. This
point will be addressed in more details in setion V.
C. Bias dependene
1. Free eletron model
The bias dependene of in-plane and out-of-plane torques in MTJ also presents strong
dierenes with metalli spin-valves. We rst alulate the total spin torque exerted on the
left eletrode. Following the denition of Ref.
5
and Ref.
65
, the total torque is:
 !
T
total
=
Z
 1
x
1
 rJ
s
dx = J
s
(x
1
) (39)
Fig. 14 displays the total out-of-plane (a) and in-plane (b) torques as a funtion of the
applied bias voltage, for dierent values of the s-d exhange parameter J
sd
. Consistently
with Theodonis et al.
65
, the out-of-plane torque is quadrati whereas the in-plane torque is
a ombination between linear and quadrati bias dependene.
Finally, note that a hange of sign of spin transfer torque at high positive bias voltage is
expeted
65
. The in-plane torque hange of sign should be observed in MTJ with low enough
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Figure 14: Bias dependene of out-of-plane (a) and in-plane (b) torques for dierent values of s-d
oupling: J
sd
= 0:38 eV (open irles), J
sd
= 0:76 eV (lled irles), J
sd
= 1:62 eV (open squares),
J
sd
= 2:29 eV (open triangles), J
sd
= 2:97 eV (lled squares). Top inset: Bias dependene of
STT for J
sd
= 1:62 eV; the solid line was alulated following the usual way and the symbols were
alulated using Eq. 46.
barrier height and high breakdown voltage (MgO seems a good andidate). Nevertheless,
more tehnologial development are needed to fabriate suh juntions.
However, Eq. 39 assumes that all the transverse spin density is relaxed within the free
layer. In other words, the initially misaligned inident eletron spin eventually aligns on the
loal magnetization within the free layer. This assumption seems to be valid, regarding the
previous disussions. Nevertheless, onsidering weak spin-diusion proesses as well as non-
half metalli juntions (i.e. not like Fe/MgO/Fe), one may assume that the eletron spin is
not fully aligned on the loal magnetization when leaving the free layer. This assumption
may be valid in magneti semiondutor-based tunnel juntions, where the spin-diusion
length is very large
83
. Fig. 15 displays the bias dependene of out-of-plane and in-plane
torques for dierent integration depths t (namely, dierent layer thiknesses):
 !
T
partial
=
Z
x
1
 t
x
1
 rJ
s
dx = J
s
(x
1
)  J
s
(x
1
  t) (40)
The bias dependene an hange drastially and the out-of-plane torque an even hange its
sign (note that the in-plane torque keeps its general shape). These dependenies are strongly
aeted by the tunnel barrier harateristis and one should be areful in the analysis of
bias dependene.
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Figure 15: Bias dependene of out-of-plane (a) and in-plane (b) torques for J
sd
= 1:62 eV and
dierent values integration depth: t = 0 Å(open squares), t = 4 Å(lled triangles), t = 10 Å(lled
irles), t =1 Å(open irles).
Figure 16: Shematis of the iruit model proposed by Slonzewski
35,54
.
2. Ciruit theory
Slonzewski
35
proposed a iruit model to desribe magneti tunnel juntions in the
general ase, without restrition of the band struture of the eletrodes and of the barrier.
Fig. 16 shows the shematis of this model. Theodonis et al.
65
have demonstrated that this
model reprodues well the bias dependene of the in-plane torque. If one onsiders the two
pure spin states in the quantiation axis of the left eletrode j ">
L
and j #>
L
, they an be
31
deomposed on the eigenstates of the right eletrode in the following manner:
j ">
L
= os

2
j ">
R
+sin

2
j #>
R
(41)
j #>
L
=   sin

2
j ">
R
+os

2
j #>
R
(42)
where  is the angle between the magnetizations of the eletrodes. Then, the probability
for an eletron spin  in the left eletrode to be observed in a spin projetion 
0
in the
right eletrode is P

0
= j < j
0
> j
2
. The assoiated resistanes indiated on Fig. 16 are
inversely proportional to this probability, thus leading to:
R

() = R

(0) os
 2

2
(43)
R

() = R

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 2

2
(44)
Using the expression of in-plane spin transfer torque derived by Slonzewski
35
:
a
j
= ~(J
"
L
  J
#
L
+ (J
#
R
  J
"
R
) os )=2e sin  (45)
where J
L(R)
 is the urrent density of the spin projetion  in L(R) eletrode, we then nd:
a
j
=
J
s
AP
  J
s
P
2
(46)
where J
s
AP (P )
are the interfaial spin urrent densities when the magnetizations are in an-
tiparallel (parallel) onguration. Theodonis et al.
65
laimed that this relation is independent
of the eletroni struture or of the adopted desription (free eletron, tight-binding...). As
a matter of fat, the insert of Fig. 14 shows the STT alulated using Eq. 39 (solid line) and
using Eq. 46 (symbols), whih are in very good agreement. From Brinkman's model
84
, the
authors demonstrated that the omponent T
jj
is the superposition of a linear ontribution
J
s
P
and a quadrati ontribution J
s
AP
as a funtion of the bias voltage.
As a matter of fat, Brinkman et al.
84
have showed, from a free eletron model, that the
urrent density owing aross a non magneti tunnel juntion whose barrier is asymmetri
and submitted to a bias V may be desribed by:
J(V ) = f
1
(

)V   f
2
(

)V
2
+O(V
3
) (47)

 = (
l
+ 
r
)=2 (48)
 = 
l
 
r
(49)
where 
l
and 
r
are the barrier height at the left and right interfaes, measured from
the bottom of the ondution band. f
1
and f
2
are determined in Ref.
84
. In the ase of a
magneti tunnel juntion, Eq. 47 apply to eah spin projetion. When the magnetizations
are parallel, the MTJ behaves like a symmetri tunnel juntion for eah spin projetion and


"
6=


#
, 
"
= 
#
= 0. On the ontrary, if the eletrode magnetizations are antiparallel,
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the MTJ behaves like a asymmetri tunnel juntion for eah spin projetion and


"
=


#
,

"
=  
#
. The spin density is then:
J
s
P
= (f
1
(


"
)  f
1
(


#
))V +O(V
3
) (50)
J
s
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=  2f
2
(

)V
2
+O(V
3
) (51)
By this way, Theodonis et al.
65
demonstrated that the general form of the Slonzewski term
is a
j
= a
1
V + a
2
V
2
+ O(V
3
). The balane between the two bias dependenies, quadrati
and linear, may be modied by varying J
sd
.
Note that the iruit model annot desribe the seond omponent b
j
of the spin transfer,
sine it makes two restritive assumptions: i) during the transport, the eletron spin remains
in the magnetization plane ( = 0 - see Fig. 9) and ii) the spin urrent is ompletely absorbed
at the interfae (no preession is taken into aount, sine the eletron spin is instantaneously
reoriented along the loal magnetization). These two hypothesis ignore the eets whih give
rise to the out-of-plane torque
35
.
3. Asymmetri juntion
Wilzynski et al.
67
reently showed that the bias dependene of the torque is strongly
aeted by the symmetry of the juntion. Considering two dierent ferromagneti eletrodes
(dierent thikness or dierent s-d exhange oupling), the authors show that the bias de-
pendene may be very dierent from the usual paraboli and seond order bias dependene
depited in Fig. 14.
Slonzewski et al.
62
reently proposed a study of the inuene of elasti and inelasti
tunnelling in the spin transfer torque harateristis. This disussion is restrited to the
in-plane torque and the out-of-plane omponent is predited to be in the seond order of
bias voltage.
4. Role of magnons emissions
Magnons emission are also expeted to play an important role in spin-dependent tun-
nelling transport. As a matter of fat, Zhang et al.
37
proposed that impinging eletrons
with energy higher than the Fermi level an emit spin waves by ipping their spin near
the MTJ interfae, leading to TMR drop as a funtion of the applied bias voltage. Levy
and Fert
42
reently suggested that the partial depolarization of spin-urrent by spin-waves
emission may give rise to a torque on the loal magnetization, and onsequently signiantly
ontribute to spin transfer torque. We give here a summary of the piture proposed in Ref.
42
.
The authors onsidered a system similar to Slonzewski's
53
where the barrier is retangu-
lar and submitted to low bias voltage. In this ase, we saw that only in-plane spin transfer
33
torque appears (see Eq. 18). The authors showed that in the ase of spin-waves emission,
the in-plane torque possesses four soures:
T
jj
= (T
elas
+ T
int
+ T
bulktrans
+ T
bulklong
)M (M P ) (52)
where the four terms stand for the elasti torque (usual in-plane torque), the emission
of interfaial magnons and the emission of bulk magnons ating on the transversal and
longitudinal omponent of the loal magnetization.
a. Interfaial magnons Magnons in general an only be exited by eletrons whose
energy is higher than the Fermi level and, their energy is ~!
l(r)
q
< eV . This leads to the
formulation of the torque due to interfaial magnons exitations, exerted on the left layer:
T
int
l
/ jt
i
j
2
sin V
2
f
r
N
i
l
P
r
+N
i
r
(P
l
os  + F ())g
where N
i
l(r)
are the numbers of spins per unit area at the interfae (in the left and right
eletrodes, respetively),P
l(r)
are the interfaial spin polarizations, 
l(r)
are oeients whih
inlude material parameters and F () is a funtion of  that we do not dene here (see Ref.
42
).
This form is omplex and shows quadrati dependene as a funtion of the bias voltage.
Furthermore, the authors found that the torques indued by interfaial magnon emission,
applied to left and right eletrode, are in opposite diretion (favors parallel alignment of the
left magnetization and antiparallel alignment of the right magnetization).
T
int
r
=  T
int
l
(l ! r) (53)
To understand this eet, Levy and Fert
42
give the following argument. The elasti spin
urrent polarization arises from the weighted ontribution of both left and right magneti
eletrodes.
For the eletrode at the higher eletrohemial potential, left eletrode here, the authors
found that the magnon emitted in this eletrode auses the polarization to shift toward the
polarization of the right eletrode, whih eetively is in the same diretion than elasti
torque.
However, for the eletrode with the lower eletrohemial potential, right eletrode here,
this reorientation of the polarization redues the eet of the elasti term, reating an
additive torque in the opposite diretion.
b. Bulk magnons Considering the eletrons whih kept their spin lose to the interfae,
one has to distinguish between two behaviors. Some of these eletrons are sattered with
spin-ip in the bulk magneti lead whereas others are sattered without spin-ip. The spin-
ip sattered eletrons ontribute to a transverse omponent of the spin urrent. This leads
to the torques due to bulk magnon emission, exerted on the left and right eletrodes:
T
bulk trans
l
/ V
3=2
jt
b
j
2
sin N
b
r
[P
l
os  + F
0
()℄ (54)
T
bulk trans
r
/ V
3=2
jt
b
m
j
2
sin N
b
r
(55)
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where N
b
l(r)
are the numbers of spins per unit volume. The eletrons sattered without
spin ip also ontributes to the torque, by aeting the longitudinal omponent of the spin
urrent. When inoming in the right eletrode, they do not ontribute to the torque on this
eletrode, but this redution of the longitudinal part of the spin urrent ontributes to a
torque on the left magneti lead.
T
bulk long
l
/ V
3=2
jt
b
m
j
2
sin  os N
b
r
(56)
T
bulk long
r
= 0 (57)
This study suggests that the torque due to magnon emission by hot eletrons arises from
4 dierent mehanisms, and has a self-onsistent form. The authors used this theory to
explain the data gathered by Fuhs et al.
39
(see setion IIA 2). We stress out that this
model is restrited to low bias voltage and the authors point out that other fators may
inuene spin torque properties suh as the energy dependene of the interfaial density of
states, whih was onsidered in Theodonis et al.
65
, Wilzynski et al.
67
and Manhon et al.
68
theories.
D. Reent experimental investigations
As disussed in setion II, a number of experiments have been arried out in order to
determine the harateristis of sin transfer torques in magneti tunnel juntions. Early
experimental studies by Fuhs et al.
85
demonstrated a linear variation of in-plane torque
as a funtion of the applied bias voltage. However, no determination of the out-of-plane
omponent was reported until the publiation of very reent experiments.
These experiments are of two types. The rst ones use radio-frequeny tehniques, ad-
dressing FMR or magneti noise under spin torque, while the seond ones use the quasistati
stability phase diagrams to desribe spin torque properties.
1. Radio-frequeny signature of spin torque
The spin-diode eet studied by Tulapurkar et al.
43
was rstly explained using a linear
bias dependene for the two terms of spin torque, a
j
and b
j
, onsistently with the rst
study of Petit et al.
49
onerning the inuene of spin torque in thermally ativated FMR
exitations. Although this interpretation has now been questioned by reent experiments,
these studied demonstrated the neessity to take into aount an out-of-plane omponent of
the torque in order to interpret the experimental results.
The very reent studies of Sankey et al.
46
and Kubota et al.
44
onstitute a breakthrough
in the experimental determination of spin torque sine the authors were able to reonstrut
the bias dependene of both torque omponents by tting the experimental results (note
that Sankey et al.
46
give the "torkane"
62
bias dependene).
35
Both studies prove a quadrati bias dependene of the b
j
term as well as a seond order
polynomial dependene of a
j
(see Fig. 17), onrming the reent theories on spin torque in
MTJ
62,65,68
. Furthermore, both torques are found to be of the same order of magnitude.
Figure 17: Bias dependene of torkane for the in-plane and out-of-plane torques. From Ref.
46
.
The determination of the bias dependene of the out-of-plane omponent is very triky
sine this torque only indues a small shift in the resonane peaks of the measured signals.
Furthermore, the treatment of temperature issues (temperature dependene of the signal,
thermal ativation, Joule eets, Peltier eets and "thermal spin transfer torque"
86
) as well
as de-embedding proedure must be properly undertaken.
2. Thermally ativated phase diagrams
Very reent experiments, not yet published, have proposed to study the thermally a-
tivated phase diagrams of magneti tunnel juntions in order to desribe the spin transfer
torque bias dependene. Suh phase diagram shows the stable magneti state of the free
layer of a spin-valve devie, as a funtion of both the applied eld and the injeted urrent.
A rst experiment was performed by Li et al.
69
in order to get the bias dependene of
torques from the bias dependene of the ritial swithing elds of the free layer of a MgO-
based MTJ. The authors used short bias voltage pulses to inrease the maximumbias voltage
above the quasistati breakdown voltage without damaging the juntion. They sueeded in
desribing the in-plane and out-of-plane torques, laiming a linear bias dependene for the
rst and a mostly quadrati dependene for the seond one. However, ontrary to previous
results, the authors give a bias dependene of the form b
j
/ V J , where J is the urrent
density owing through the juntion.
Manhon et al.
87
used a slightly dierent tehnique, without short pulses and sueeded
to draw a omplete phase diagram in two dierent magneti ongurations: (a) when the
external eld is applied along the easy axis of the free layer and (b) when the external eld
36
Figure 18: Stati phase diagrams of magneti tunnel juntion with longitudinal (a) [Sample A℄ and
transverse applied eld (b) [Sample B℄. The red irles show the magneti exitation regions. The
olor ode refers to the resistane of the stak
Figure 19: Analytial ts of the ritial lines (symbol) of longitudinal (a) and transverse (b) stati
phase diagrams, with b
j
= 0 (blak), b
j
= b
2
V
2
(blue) and b
j
= b
2
V (red).
is applied along the hard axis of the free layer. These diagrams are given in Fig. 18, for two
dierent samples (A and B).
Assuming, in a rst approximation, that the in-plane torque is linear as a funtion of
bias voltage, several ts of the thermally ativated phase diagrams were performed, using
the theory of thermal ativation developed by Koh et al.
88,89,90
. Fig. 19 shows the three ts
the authors obtained, assuming b
j
= 0 (blak), b
j
= b
2
V
2
(blue) and b
j
= b
2
V (red), where
b
2
is a tting parameter.
Assuming a quadrati bias dependene of the out-of-plane torque term introdues an
signiant asymmetry in both longitudinal and transverse stability diagrams that is not
observed experimentally. Furthermore, although no signiant dierene appears in the
transverse stability diagram when assuming b
j
= 0 or b
j
= b2V (blak and red urves in Fig.
19(b)), the best t of the longitudinal diagram is learly obtained when b
j
is linear. This
indiates that in our samples, b
j
should be an odd funtion of the applied bias V , ontrary
to Sankey et al.
46
and Kubota et al.
44
.
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This linear bias dependene is in ontradition with the reent published theories
65,68
prediting a quadrati bias dependene of the out-of-plane torque. These theories assume
amorphous tunnel barrier, low bias voltage, semi-innite free layer thikness and zero tem-
perature whereas we performed our measurements on MTJs omprising rystalline MgO
barrier at room temperature. Consequently, the dierenes between our experiments and
these theories may be asribed to the rystalline nature of the MgO barrier as well as other
ontributions suh as spin-waves emissions that have not been onsidered in the alulations
despite their strong inuene on the spin torque bias dependene
42
.
The dierene with the reent RF measurements
44,46
are more diult to interpret. It may
be attributed to the interplay between thermal eets and urrent-indued magnetization
dynamis. Note that the results obtained by RF measurements strongly depend on the
samples quality
91
and may present a linear b
j
term.
These experiments are of great interest beause of its relative simpliity. However, further
experimental improvements are needed in order to inrease the reproduibility and auray
of the measurements and be able to measure both longitudinal and transverse phase diagram
on the same sample without breakdown.
V. FROM WEAK FERROMAGNETIC TO HALF-METALLIC TUNNEL JUNC-
TIONS
To onlude this hapter, we studied the dependene of the in-plane and out-of-plane
torque as a funtion s-d exhange oupling J
sd
, and in partiular, the rossover between
ferromagneti and half-metalli tunnel juntions. As a matter of fat, as previously stated,
Heiliger et al.
70
suggested that a rystalline MgO-based tunnel juntion may be approxi-
mated by a half-metalli tunnel juntion, when onsidering the dominant ontribution of 
1
symmetry.
The Fermi energy is kept onstant, whereas the energy of the bottom of the minority
eletrons ondution band 
#
is modied, as indiated in Fig. 20. This energy is dened
from the Fermi energy as:

#
= E
F
  E
#

=  
~
2
k
#2
F
2m
(58)
where E
#

is the absolute energy of the bottom of the ondution band. When 
#
is lose
to 
"
, k
"
F
 k
#
F
, the metalli eletrodes loose their ferromagneti nature. For 
#
 0, the
Fermi wavevetor for minority eletrons beomes smaller and the urrent polarization is
strongly enhaned. In this ase, we expet an important spin transfer torque. When 
#
> 0,
k
#
F
beomes imaginary and the eletrodes behave like a tunnel barrier for minority spins.
Inreasing 
#
inreases the evanesent deay of minority wave funtions in the eletrodes.
Then, the produt < 	
"
	
#
> still exists so that spin torque is non zero and derease
exponentially from the interfae.
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Figure 20: In-plane (solid line) and out-of-plane (dotted line) torques as a funtion of s-d exhange
oupling. The vertial line shows the limit between ferromagneti (weak ferromagneti -WFM- and
strong ferromagneti -SFM-) regime and half-metalli regime.
Fig. 20 shows the amplitude of in-plane and out-of-plane torques in the three dierent
regimes: weak ferromagneti eletrodes (WFM), strong ferromagneti eletrodes (SFM) and
half-metalli eletrodes (HM). As expeted, in ferromagneti regime, in-plane and out-of-
plane torques inrease until 
#
= 0 (vertial line). When 
#
beomes positive, the bottom of
the ondution band of minority eletrons lies above the Fermi level: no minority eletrons
an propagate beause only evanesent states exist near the interfaes for this spin projetion.
However, in-plane and out-of-plane torques do not vanish but reah a plateau whih slowly
dereases to zero when inreasing J
sd
(not shown).
To understand this behavior, we alulated the spatial dependene of the transverse spin
density in the free layer. Fig. 21 shows the transverse spin density in a usual ferromagnet,

#
=  1:37 eV (whih orresponds to J
sd
= 1:62 eV), as a funtion of the distane from the
interfae with the barrier in the left eletrode. The osillation possesses the same harater-
istis than disussed above and we observe that the transverse spin density is damped far
from the interfae. When dereasing 
#
, the interfaial spin density inreases, due to strong
spin ltering at the interfae (strong spin-dependent seletion), as shown on Fig. 22.
But when 
#
hanges sign, only majority eletrons an propagate and the transverse spin
density beomes:
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Figure 21: Transverse spin density (blak line) as a funtion of the penetration depth from the
barrier within the left ferromagneti eletrode in a usual ferromagneti regime. We set 
#
=  1:37
eV and V
b
= 0:1 V.
where q
1;2
are the barrier wave vetors at the left and right interfae respetively, k
1;2
(k
3;4
)
are the eletron wave vetors in the left (right) eletrode for majority and minority spins,
respetively, and den is a oeient whih depends on the juntion parameters. Considering
Fermi eletrons at perpendiular inidene, very small bias voltage (eV  0) and imaginary
minority eletron spin wave vetor, k
2(4)
= ik, we obtain straightforwardly:
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The transverse spin density is a produt between osillating funtion of k
1
and exponentially
deaying funtion of k. Fig. 23 shows the spatial evolution of the transverse spin density
in the ase of a half-metalli tunnel juntion. All the osillations are damped very quikly
so that the only important ontribution to torque omes from the interfae. Contrary to
usual MTJ (where both bulk averaging due to spatial interferenes and interfaial spin
reorientation ontribute to spin torque), in a strong half-metalli tunnel juntion all the
torque omes from spin reorientation due to spin-dependent reetion. In this last ase,
the ontribution of the spatial averaging between all impinging eletrons (-summation) is
redued ompared to interfaial spin transfer.
The interesting point is that half-metalli tunnel juntions may reprodue the general
properties of MgO-based tunnel juntions. Most of the previous harateristis disussed
40
Figure 22: Transverse spin density (blak line) as a funtion of the penetration depth from the
barrier within the left ferromagneti eletrode in a strong ferromagneti regime. We set 
#
=  0:38
eV and V
b
= 0:1 V.
earlier (quantum desription as well as observable harateristis) are then valid in this type
of juntions. This explains why simple single band per spin models, like the one proposed
by Theodonis et al.
65
for simple ubi rystal struture, or Manhon et al.
68
, assuming
amorphous tunnel barrier, applies to experimental results obtained in rystalline MgO-based
MTJ. Note however that this agreement holds for thik enough MgO barriers and that the
quality of the tunnel juntion should strongly aet the half-metalli harateristi. Other
symmetry hannels may then ontribute to the transport, like resonant interfaial states for
example
71,77
.
Kubota et al.
92
reently studied the dependene of the ritial swithing urrent density
on the thikness of the free layer in a MgO-based MTJ. The authors found that the ritial
urrent density was roughly proportional to the free layer thikness. This indiates that the
transverse spin urrent is ompletely absorbed within the free layer, and that onsequently
the spin transfer torque seems to take plae lose to the interfae between the insulator and
the ferromagneti eletrode, onsistently with the above disussion.
VI. CONCLUSION
As stated in the introdution, sine its rst predition
53
and observation
26,27
, spin transfer
torque in tunnel juntions was expeted to present strong dierenes ompared to spin
torques in metalli spin valves. The single-eletron nature of the tunnelling transport, the
spei spin-seletion indued by the tunnel barrier, as well as the non linearity of the
41
Figure 23: Transverse spin density (blak line) as a funtion of the penetration depth from the
barrier within the left ferromagneti eletrode in half-metalli regime. We set 
#
= 19 eV and
V
b
= 0:1 V.
tunnelling proess itself were expeted to strongly aet the observable properties of spin
transfer torque.
The smaller role of spin aumulation is also of great importane sine the angular depen-
dene of spin torque oeient a
j
and b
j
are unusually small in MTJs. Another harateristi
is the signiant amplitude of the out-of-plane omponent of spin transfer torque, arising
from the spin-seletion ourring at the tunnel barrier.
Most interesting, reent experiments based on RF tehniques or (quasi-)stati measure-
ments have revealed signiant non linearities in the spin torque bias dependene, due to
the non-linearity of the tunnelling transport. The most striking element is that these ex-
periments seem to agree with tight-biding or free-eletron models, i.e. models making very
simplisti and restritive assumptions on the energy dependene of the interfaial densities of
states and on the barrier shape. Although it has been widely shown that MgO-based tunnel
juntions possess a omplex eletroni band struture, these experiments are onveniently
reprodued by paraboli or bell-like band struture. This surprising simpliity may be at-
tributed, as proposed in setion V, by the dominant ontribution of 
1
symmetry eletrons,
at low bias and not-too-thin barrier width.
However, more auray is needed both in the theories and experiments in order to better
desribe these speiities. Juntions asymmetries, inelasti sattering or impurities have
been shown to deeply modify the spin torque properties in MTJs. Hot-eletrons spin-waves
emission is also known to be of great importane in MTJs, leading to the so-alled "zero-bias
anomaly". This emission is also expeted to signiantly aet the bias dependene of spin
42
transfer torque.
We stressed out the simpliity of the models that have been proposed up to now to
desribe spin torques in MTJs. Realisti band struture alulations should enrih our
knowledge of spin torque origins, espeially by modifying the spin-ltering mehanism and
the interferene proess between the majority and minority eletrons. The ballisti assump-
tion, namely negleting all spin-ip sattering, limits the investigation to aademi systems.
Taking spin-orbit oupling into aount would be of great interest to quantitatively simulate
real magneti devies.
Finally, nothing have been said in this hapter about the time-domain investigations of
magnetization dynamis in MTJs. Preliminary experimental studies were arried out by
Devolder et al.
93
that show interesting magneti behaviors not observed in metalli spin-
valves until now.
As we tried to show in this hapter, although quite inomplete, the reent researh on
spin transfer in MTJs has already revealed rih and exiting issues that only wait for further
theoretial and experimental eorts.
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